Objective: To test blood and CSF neurofilament light chain (NfL) levels in relation to disease progression and survival in amyotrophic lateral sclerosis (ALS).
The longitudinal assessment of a putative biomarker would allow a more reliable interpretation of the biomarker's behavior when monitoring treatment response. Blood-based biomarkers are preferable because they require minimally invasive collection compared to CSF sampling. Neurofilaments (Nfs), the main byproducts of neuroaxonal breakdown, are potential "universal" biomarkers of neurodegeneration.
1 Nf levels in CSF from patients with ALS increase significantly compared to other neurodegenerative disorders [2] [3] [4] or to ALS-mimics, 5 and show a robust interlaboratory reproducibility compared to other biomarkers. 6 Nf bioavailability and measurement depend on matrix-related biological phenomena such as protein aggregation, as recently reported. 7, 8 In this study, we examined the prognostic value in ALS of neurofilament light chain (NfL), one of the main constituents of neurons and axons, building on previous small cross-sectional studies [9] [10] [11] to evaluate the temporal profile of NfL expression in plasma, serum, and CSF from patients with ALS.
METHODS Standard protocol approvals, registrations, and patient consents. Approvals were obtained from the East London and the City Research Ethics Committee 1 (09/ H0703/27) and South Central Oxford Ethics Committee B (08/H0605/85). All participants provided written consent (or gave verbal permission for a carer to sign on their behalf).
Participants and sampling. This study included 103 patients with ALS and 42 healthy controls from a London cohort and 64 patients with ALS and 36 healthy controls from an Oxford cohort. Patients with ALS were diagnosed according to standard criteria, 12 having been examined by experienced ALS neurologists (London cohort: A.M., K.S., R.O., R.H., M.F.; Oxford cohort: M.R.T., K.T.). Those with a family history of ALS or frontotemporal dementia, or known to carry a genetic mutation linked to ALS or frontotemporal dementia, were excluded to minimize any potential biases. Healthy controls were typically spouses and friends of patients. Exclusion criteria included neurologic comorbidities likely to affect Nf bioavailability. [13] [14] [15] Baseline NfL levels were measured in plasma, serum, and CSF samples. Serial plasma samples and clinical information were obtained, on average, every 2 to 4 months from 67 of the 103 patients with ALS recruited in London. Serum and CSF samples (where possible) were collected every 6 months from 43 and 24 of the 64 patients with ALS in Oxford. No selection criteria were applied to individuals with ALS sampled longitudinally, other than their willingness to donate further samples. Symptom onset was defined as first patient-reported weakness. Progression rate was calculated at baseline (PRB) or last visit (PRL) as 48 minus the ALS Functional Rating Scale-Revised score, divided by the disease duration from onset of symptoms. Progression rate less than 0.5, between 0.5 and 1.0, and more than 1.0 (point/month) was defined as slow (ALS-slow), intermediate (ALS-intermediate), and fast progressing ALS (ALS-fast), respectively. Use of riluzole (or not) at the time of sampling was recorded.
Sample analysis. Plasma, serum, and CSF samples were processed and aliquoted within 1 hour from collection and frozen at 280°C, following standard consensus procedures. 16 An electrochemiluminescence immunoassay was used to quantify NfL as previously described 9 ; the investigators were blinded to clinical data. ALS and control samples were evenly distributed on each plate and measured in duplicate at the same dilution. Each plate contained calibrators (0-10,000 pg/mL) and quality controls. The interassay coefficients of variance were mostly below 10% and the mean intraassay coefficients of variance were below 10%. Linearity of the NfL assay was established (0-50,000 pg/mL) as previously reported. 9 Statistical analysis. Continuous variables were summarized in median (interquartile range); hence, nonparametric analysis for group comparisons and correlation analysis. Receiver operating characteristic curve analysis was used to assess assay sensitivity/ specificity. We used log rank analysis to compare survival (fixed date was used to censor data for survival analysis) and multilevel random intercept models with a linear slope to examine NfL longitudinal trajectories (MLwiN version 2.30, from Stata version 13.1; runmlwin command) 17 for the first 15 months of the follow-up period in 3 ALS progression subgroups: slow, intermediate, and fast progressors. A natural log transformation was used to normalize the measurements. Each ALS progression group was included as a categorical fixed effect; we also included an interaction between the ALS progression categories and time to assess whether the rate of change in NfL differed by ALS progression rate. NfL change was jointly modeled with the time to death within the 15-month follow-up period to account for any informative dropout. 18 Cox regression analysis of survival by NfL at baseline and other covariates was tested in the London and Oxford cohorts separately and then combined (adjusting for study center). The matched serum and plasma NfL levels from healthy controls in a previous study showed high correlation (n 5 25, Spearman r 5 0.93, p , 0.0001) and strong agreement using Cross-sectional analyses. NfL levels in CSF (Oxford cohort), serum (Oxford cohort), and plasma (London cohort). NfL levels were higher in patients with ALS than in controls in all biofluids measured (p , 0.0001; figure 1, A-C, left). Receiver operating characteristic analysis showed Table 1 Summary of blood NfL levels (London, Oxford, and combined cohorts) and of CSF NfL levels (Oxford) used for cross-sectional analysis an area under the curve for CSF of 0.9987, for serum 0.8626, and 0.8687 for plasma (p , 0.0001; figure 1, A-C, right). Cutoff levels provided clear separation of patients with ALS from controls in all biofluids tested (figure 1, A-C, right).
Correlation between CSF and serum NfL levels. NfL levels in matched CSF and serum samples were highly correlated (ALS: r 5 0.78, p , 0.0001; controls: r 5 0.57, p 5 0.008; figure 1D ). CSF NfL values were 73.8-fold (interquartile range: 51.9-91.5) and 34.6-fold (17.0-42.0) higher than serum levels in ALS and controls, respectively (p , 0.0001).
Blood NfL levels vs disease progression and duration in ALS. In both London and Oxford cohorts, blood NfL levels in ALS-fast were significantly higher than in ALS-slow ( Effect of sex in blood NfL levels. The male to female ratio in London, Oxford, and in the combined cohorts was approximately 2:1 (table e-1). In the London cohort and in the combined cohorts, plasma NfL levels were significantly higher in female than in male participants (table 1); London female patients with ALS were older and in a more advanced stage of the disease, while Oxford female and male patients with ALS had similar age and disease severity (table e-2A).
Longitudinal analyses. The average trajectories of natural log NfL levels from the multilevel model analysis over the first 15 months of the follow-up period in patients with ALS subdivided according to PRL are shown in figure 2 (solid lines), along with the trajectories of the observed log NfL levels for each individual patient with ALS (dashed lines, figure 2). Because PRB and PRL are highly correlated, PRL was chosen for stratification of patients with ALS as more representative of disease progression.
A summary of the statistical analysis is shown in table e-3. Baseline natural log plasma, serum, and Baseline NfL levels in our longitudinal cohorts were higher in the ALS-fast subgroup, in line with findings in the cross-sectional study. The NfL blood levels in these patients remained stable over the 15-month follow-up period. Adjustment of the multilevel study of NfL trajectories by time from onset of symptoms to baseline produced only minimal changes, with no impact on the significance of the test (table e-3) . We also used cohort-specific median cutoff for PRL to stratify patients with ALS. No change in blood NfL levels over time were found in belowmedian and above-median groups (table e-3, exposure groups B), while the baseline NfL levels were higher in the ALS above-median group in the London/plasma (p 5 0.01) and the Oxford/serum (p 5 0.004) cohorts.
Survival analyses. Cox regression. Cox regression analysis of survival (table 2) was examined using baseline blood and CSF NfL levels. In the London cohort, high levels of blood NfL, PRB, and age at symptom onset were associated with poor survival. In the Oxford cohort (serum), only baseline NfL levels, but not PRB, were associated with poor survival. When the number was increased by combining the London and Oxford cohorts, baseline NfL levels, sex, ALS Functional Rating Scale-Revised score at baseline, and age at symptom onset were associated with poor survival. Despite the much smaller case number, CSF NfL levels were also found to be a strong, independent prognostic biomarker for survival.
Cox regression analysis was also performed using the time of ALS onset as the start point to evaluate survival, while keeping the baseline (i.e., the first time patients were sampled) as each patient's entry time into the study (i.e., the time from onset to baseline was not "counted" since patients had to survive from onset to baseline to be included in the study). Findings using this approach were not dissimilar from those in which survival was calculated from baseline (table 2) .
Kaplan-Meier. Kaplan-Meier survival curves showed a clear separation of cumulative survivals between subgroups of patients with ALS with different baseline NfL levels (cohort-specific tertile cutoff levels) in the London and in the Oxford cohorts separately and combined (figure 3, A.a-A.c).
Riluzole and blood NfL levels. Treatment with riluzole was associated with increased risk of mortality in the combined cohorts (hazard ratio: 1.47) (table 2) . Figure 3 shows the Kaplan-Meier curves for London (figure 3B.a) and Oxford (figure 3B.b) cohorts separately and combined (figure 3B.c). There was no significant difference in baseline blood NfL levels (table 1) and clinical features (table e-2B) in patients with ALS treated with riluzole in the London and Oxford cohorts, separately or combined. In addition, there was no difference in blood NfL levels in patients with ALS stratified according to PRB between riluzole-treated and untreated patients with ALS in London and Oxford, separately and combined (data not shown).
DISCUSSION Our data support blood NfL as a biomarker with prognostic value in ALS. In 2 independent cohorts, there was a striking similarity in assay sensitivity, specificity, and cutoff levels to distinguish patients with ALS from healthy controls, while the 2 cohorts were also in agreement regarding the correlation between disease progression rate and baseline NfL levels in patients with ALS. Both cohorts showed a steady blood NfL expression over time, and levels at recruitment predicted survival independently from other clinical covariates. The improved assay performance in blood for the analysis of clinically wellcharacterized cross-sectional and longitudinal cohorts of patients with ALS supports NfL as a reproducible, easily accessible surrogate marker of axonal loss. In our study, NfL bioavailability in the natural history of the disease has been truly characterized and not predicted based on a variable baseline measurement. NfL levels in CSF were the best at discriminating patients with ALS from controls and for patient stratification. This is not surprising, considering that CSF is the natural biorepository of products of neuroaxonal disintegration because of its proximity to the CNS. When the total number of ALS cases from our independent cohorts was considered, blood NfL levels also discriminated very well between ALS-fast, ALS-intermediate, and ALSslow categories. Our findings suggest that blood NfL is now a leading candidate biomarker for improved participant stratification in future ALS therapeutic trials, with the additional potential for assessing response to therapy.
Potential biases in our investigation partly reflect the study of a rapidly disabling and life-shortening condition. The follow-up sampling was understandably more limited for the ALS-fast group, in which it was more difficult to perform repeated measurements and cohorts inevitably enriched for slowerprogressing, arguably atypical patients. By using a multilevel model, the analysis included all individuals' measurements under a "missing at random" assumption. 19 We limited the effects of the shorter follow-up time for fast-progressing patients by restricting analysis to the first 15 months of follow-up, although some of the cases were monitored longitudinally for up to 3 years. Also, NfL change was jointly modeled with the time to death within this 15-month period to account for any informative dropout. 18, 20, 21 Multilevel and Cox regression analyses showed reproducible results when analyses were performed using a variable such as disease duration from either baseline or from symptom onset. To better characterize the diagnostic potency of plasma NfL in ALS, future Table 2 Summary studies should include other neurodegenerative disorders and ALS mimics as reference, while NfL measurements should be ideally undertaken closer to the time of reported disease onset, when ALS is suspected or at diagnosis.
NfL levels changed only minimally throughout most of the disease course in ALS. NfL release from affected tissues may be a prolonged downstream effect of ALS pathology but we cannot fully comment on earlier stages of the disease in light of the diagnostic latency in our cases. It is possible that rising levels of autoantibodies against NfL may have a clearing effect while aggregation may reduce NfL detection, leveling down the linear increase of NfL. 22, 23 Plasma levels of axonal injury biomarkers such as total tau and S100B were reported to be at their peak immediately after a concussive injury and to slowly return to preinjury levels thereafter. 24 In the more prolonged process of neurodegeneration seen in patients with ALS, the progressive release and accumulation of Nfs may be counterbalanced by the clearing mechanisms reported above, resulting in a flat NfL concentration profile.
Blood NfL measurement appears to have advantage over neurofilament heavy chain (NfH). 8 The "hook effect," a potential inconsistent result due to analyte aggregation found in measuring plasma NfH, 7, 8 was not observed in the NfL assay. 9 Furthermore, unlike the linear increase observed in animal models, 25 longitudinal NfH plasma expression in patients with rapidly progressing ALS showed a steady decline as the disease advanced. 8 In a clinical trial setting, a "natural" reduction of the bioavailability of a biomarker with the disease progression may pose problems with the overall interpretation of treatment response. Unlike NfH, 8 blood NfL levels in ALS were significantly higher than in controls, and maintained distinct temporal profiles with a steady trajectory.
A change in a biomarker's expression might be considered as supporting evidence of disease modification in ALS as shown in arimoclomol-treated SOD1 G93A mice of ALS, 25 allowing for the reduction of sample size and costs in clinical trials. 26 The analysis of how riluzole treatment affected baseline NfL levels in our cohorts was understandably inconclusive, suggesting only an indication bias for the London cohort. Nonetheless, using the same NfL assay employed in this study, we have recently shown a modest reduction of serum NfL concentrations at different time points following spinal cord injury in a subgroup of patients treated with minocycline. 27 Both blood and CSF NfL levels were robust independent prognostic markers. Serial lumbar punctures for longitudinal NfL monitoring are far less practical than blood sampling. The observed strong correlation between CSF and blood NfL levels suggests that blood NfL is a surrogate marker for CSF NfL levels. The higher blood-CSF correlation of NfL levels we observed in patients with ALS compared with healthy controls was puzzling. A more rapid liberation of NfL protein from affected nervous tissue and a relatively higher NfL concentration in CSF from patients with ALS compared with healthy controls may determine a more efficient redistribution of NfL protein between CSF and blood through the blood-brain barrier. CSF and blood matrices may act differently on NfL homeostasis and clearance depending on its concentration.
Our data suggest that the measurement of blood NfL for disease activity monitoring, in an earlier symptomatic phase or at diagnosis, may provide further clues on the diagnostic potency of this biomarker, particularly if other neurologic disorders or ALS mimic syndromes are included as reference. In combination with biomarkers emerging from neuroimaging, 28 blood NfL may improve diagnostic potency and prognostic evaluation in ALS, similar to blood markers defining the transition between mild cognitive impairment and Alzheimer disease 29, 30 used in combination with Pittsburgh compound B-PET. 31 An improved understanding of how NfL release changes in response to pathology, in particular presymptomatically, 32 or to factors that mitigate the disease pathology, will further strengthen the case for NfL in the diagnostic process as well as therapeutic trials in ALS.
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